Cells 15 days in culture equally oxidized the ketone body throughout the glucose range studied. Oleic acid was increasingly oxidized to C 0 2 by these cells below glucose concentrations of 0.5 mM. Both substrates are alternative cerebral energy sources for glucose. Their utilization varies depending on the developmental stage.
Glucose is the main source for cerebral energy production, but human and animal experiments have shown that ketone bodies and fatty acids may also be utilized by the brain to produce energy (1 1, 17) . It is poorly understood at what level of low glucose availability such alternative energy fuels assume importance. Because in vivo experiments at low blood glucose levels are difficult to perform, an in vitro system was chosen consisting of dissociated whole-brain cells from neonatal mice in culture for up to 15 days. The developmental pattern of enzymic activities in these cultures parallels that of the developing mouse brain in vivo (22) . The system has proved useful in the study of the effect of low glucose levels on sulfatide synthesis (25) , in that hypoglycemia was found to have a similar effect on sulfatide synthesis in vivo (4) . Thus, the relevance of this culture system to the in vivo situation has been demonstrated. In prelimi&ry experiments, it was shown that the effects of glucose deprivation on sulfatide synthesis can in part be counteracted by replacing glucose with D-P-OH-butyrate (24) . Furthermore, during the first two postnatal wk, the neonatal mouse brain goes through developmental stages that are comparable to the state of maturation of a human brain from the perinatal period up to the first year of age (9) .
Experiments with brain cell cultures allow the study of metabolic effects directly on the cellular level. Therefore, generalized metabolic effects, as well as the influence of the blood-brain barrier are not taken into account.
In the present study, the development of utilization of alternative fuels by the brain, i.e., D-P-OH-butyrate and oleic acid, was investigated in the presence of various low concentrations of glucose.
MATERIALS AND METHODS
Cell cultivation. Cultivation of the brain cells was carried out by the method of Wiesmann et al. (22) . Two-16 h after birth, the mice were decapitated and the whole brain was dissociated by repeated pipetting in culture medium containing 10% fetal calf serum. After quantification in a Coulter Counter, 7 million cells were added to 5 ml medium containing 27 mM glucose in a culture flask. To allow for gas exchange the flasks were not closed tightly. Cultivation proceeded at 37OC in a Con-incubator at 5% C02, 95% air and 75% humidity. Medium was first replaced after 4-6 days and then every 2 days. The brain cell culture system has been shown by immunologic methods to consist mainly of astrocytes and oligodendrocytes: it contains only a small number of neurons (2) . Incubation with energy substrates. After 8 or 15 days of cultivation, the culture medium was poured off, the cultures were rinsed with glucose-free medium, and 5 ml specific medium were added to the cells. The specific media consisted of the culture medium containing 10% of fetal calf serum previously dialysed free of glucose, and 20 mM Hepes buffer pH 7.4 substituting for NaHC03. D-Glucose concentrations ranged from 0.15-4 mM. To each 5 ml of specific medium, 1 pCi oleic acid-U-[I4C] was added. The media contained 27 pM oleic acid, as repeatedly determined by gas chromatography; fmal specific activity was 0.037 pCi/ pmole. For the experiments with the ketone body, 13 mM D,L-P-OH-butyrate (corresponding to 4 mM of the D-form) and 1 pCi D-P-OH-b~tyrate-3-['~C] (final specific activity 0.05 pCi/pmole) were pipetted to 5 ml medium, which contained all the above mentioned nonradioactive substances including oleic acid. For the )kinetic studies with glucose, 1 pCi of gl~cose-6-['~C] was used per 5 ml medium containing 4 mM cold glucose (fmal specific activity 0.05 pCi/pmole). The flasks were then sealed tightly with their cap. As a CO2 trap, the cap had a plastic center well containing a filter paper moistened with 200 p1 0.5 N NaOH. Incubation proceeded in an incubator at 37°C in air.
Presentation of results. A similar glucose dependency was found for oleic acid-U-['"I (Fig. 3) . Below glucose concentrations of 1 mM, 8-day-old cells significantly increased their [14C02]-production from this substrate. The same is true for cells 15 days old, but only below 0.5 mM glucose.
DISCUSSION
Oxidation of glucose, D-P-OH-butyrate and oleic acid to CO2. The neonatal mouse whole-brain cell culture system utilized is shown to convert the well-known cerebral energy substrates glucose and D-P-OH-butyrate to C02. This demonstrates the validity of this system for investigating the questions asked in this study. Oleic acid has been shown to be utilized as cerebral energy fuel in rat cortical cell suspensions (7) as well as in the adult (19) and DPM 14Co2 /mg protein % % newborn dog (2 1) by ventriculocisternal perfusion experiments. In the latter experiments, however, a definite attribution of the site of this metabolic process to cerebral or extracerebral tissue cannot be made. Our experiments prove that this oxidation also occurs in brain cell cultures of neonatal mice (Fig. 1) . Human brain slices at 12-13 gestational wk produced [14C02] from palmitate-l-[14C] (17) . The role of oleic acid as a cerebral energy substrate has not been investigated in the human. It is however available in vivo for the human baby, being the predominant fatty acid in human neonatal serum even before the first feed (16) and in breast milk (6) .
Increased oxidation of D-P-OH-butyrate and oleic acid in the presence of very low glucose concentrations. As shown in Figure 2 , increased ['4COz]-production from ~-P-OH-butyrate-3-['4C] (by 8-day-old cells) could be demonstrated when the glucose concentration in the media was lower than 0.5 mM. When glucose concentrations of less than 1 mM (cells 8 days in culture) and 0.5 mM (cells 15 days in culture) were used, ['4C02]-production from oleic acid-U-[14C] also increased (Fig. 3) . The increase in the ['4CO~]-production is suggested to be due to a relatively or absolutely increased use of the alternative substrate with respect to glucose consumption during glucose deprivation. Augmented cerebral oxidation of ketone bodies at low glucose levels is not described in the literature. In brain slices of young and adult rats, no difference of [14C~2]-production from labeled ketone bodies was measured whether the incubations were carried out at 0 or at 5 mM glucose (15) . Brain homogenates from newborn rats of mothers fasted for 2 days did not produce more [14C02] from labeled D-P-OH-butyrate than homogenates of controls (18) . AS for fatty acids, only Weng et al. (21) were able to show glucose dependency of palmitate oxidation in their perfusion experiments of the ventricular system of newborn dogs. But neither the adult cat brain (1) nor adult rat brain (8, 14) increased CO2-production from palmitate or octanoate after fasting. Fasting, however, might not lead to sufficiently low glucose levels. Maternal fasting, for example, did not lead to signficant hypoglycemia in the rat fetus (3) . The fact that the attainment of very low glucose concentrations might be a prerequisite for the study of alternative cerebral energy fuels has already been suggested by Hinzen et al. (10) . These authors found a ~i g n~c a n t decrease in the total phospholipid concentration in several parts of the rabbit brain during insulin infusion only when blood glucose levels fell to values below 22-27 mg% (1.5 mM). They postulated that this fall was due to fatty acid utilization for energy production. There may be other reasons for the fact that we were able to find an influence of glucose deprivation on the utilization of alternative fuels, whereas most other authors could not. In the papers mentioned, other animal species were studied. Furthermore, different models were chosen, e.g., brain slices. Brain cells in culture, however, are proliferating and differentiating in a manner similar to that in the living organism, as opposed to the cells of slices. Moreover, when comparing results of experiments using adult animals with those found in young animals, one must consider the possibility of age-dependent differences. In fact, such a difference in glucose dependency of the utilization of alternative fuels does exist, as exemplified in our experiments with cells cultivated for 8 or 15 days ( Fig. 2 and 3 ). Methodologic pecularities of our system do not appear to be a reason for the discrepancy under discussion, namely glucose dependency of oxidation of alternative fuels versus lack of dependency. An increasing concentration of [14C02] at low glucose levels could possibly be due to a lower availability of C2-fragments from cold glucose that are converted to nonradioactive Con, which would dilute the radioactive C 0 2 at higher levels of cold glucose. This cannot be the case, because an excess of radioactive substrate was used, which should minimize such an influence. This opinion is supported by the observation that no decrease in the number of counts as [14C02] is noticed between 1 mM and 4 mM glucose ( Fig. 2 and 3) .
Developmental aspect of enhanced substrate oxidation at low glucose concentrations. As shown in Figure 2 , after 8 days in culture the cells produced significantly more CO2 from D-P-OHbutyrate at glucose levels below 0.5 mM, whereas the cells cultured for 15 days did not. Fifteen-day-old cultures increased their CO2-production from oleic acid only below glucose concentrations of 0.5 mM, in contrast to the 8-day-old cells, where this occurred below 1 mM glucose. One possible explanation for this is the increasing activity with age of the pyruvate dehydrogenase complex, as has been documented between these developmental stages in rat brain homogenates and mitochondria1 preparations (5, 12, 20, 23) . In our cell culture system, indirect evidence for the rate limiting role of the pyruvate dehydrogenase complex was found: on a molar basis approximately half the glucose consumed by 13-day-old cells accumulated as lactate (25) . The necessity to switch from glucose to D-P-OH-butyrate or oleic acid as an energy source either would not occur at all or would only occur at lower glucose availability in the older cells, because glucose utilization through the more active PDH-complex is facilitated as this stage.
